Introduction
Saturated perfluorocarbons (PFCs) such as CF 4 , C 2 F 6 , C 3 F 8 and c-C 4 F 8 are used as dry-etch gases in the fabrication of ultralarge-scale integrated circuits (ULSIs) in the semiconductor industry. These gases have long atmosphere lifetimes and strong absorptions of infrared radiation, exhibiting high global warming potentials (GWPs) and so promoting the green house effect. Recently, the replacement, decomposition or recycling of PFCs used for dry-etch gases has been attempted to reduce the greenhouse effect.
1) PFC such as octafluorocyclopropane (c-C 4 F 8 ) are still widely used to etch interlayer dielectrics and fabricate fine contact holes in ULSIs, while it will be difficult to achieve a contact hole etch with a high aspect ratio in the sub-65 nm range.
2) Table I summarizes the GWP 100 and atmospheric lifetime of PFC alternative candidates together with c-C 4 F 8 . The GWP 100 is defined as a relative GWP value calculated for the period of one hundred years against CO 2 .
3,4) It should be noted that C 3 F 6 and C 4 F 6 have much lower GWP 100 values and atmospheric lifetimes than c-C 4 F 8 . These alternative candidates with a double bond in their molecules are subject to decomposition in the atmosphere through their reaction with hydroxyl radicals. This fragmentation mechanism leads to the much shorter atmospheric lifetime and much lower effective GWP 100 for the replacement candidates.
5) In addition, these alternative candidates have the potential of good etch properties because the double bond is broken selectively and the ratio of particular radicals and ions is predominantly controlled. Thus it is important to investigate the PFC alternative etch gases such as hexafluoropropene (C 3 F 6 , CF 3 CF=CF 2 ), hexafluorobutadiene (C 4 F 6 , CF 2 = CFCF=CF 2 ), octafluoro-2-butene (C 4 F 8 , CF 3 CF=CFCF 3 ) and octafluoropentadiene (C 5 F 8 , CF 3 CF=CFCF=CF 2 ). These are straight-chain unsaturated compounds with the double bond in the molecules. In the present study, we have diagnosed these gas plasmas and examined the SiO 2 etching ability to evaluate its potential as an alternative etching gas.
Experimental
The schematic diagram of an inductively coupled plasma (ICP) reactor used in the present study is shown in Fig. 1 . Etching gases were introduced from the outlets set at eight points on an inner wall. A single-turn antenna of 140 mm in diameter generates plasmas through a 9-mm-thick quart plate. A 2 inch Si wafer was clamped using an electrostatic chuck (ESC) assembly on a chiller-cooled stage kept at À11 C. A quadrupole mass spectrometer and a Langmuir probe were set on a chamber sidewall to diagnose the plasmas. The Langmuir probe used to measure electron densities and electron temperatures was set 20 mm above the center of the wafer. The probe tip was heated to prevent fluorocarbon polymer deposition. The relative amount of positive ions was evaluated by quadrupole mass spectrometry, and the density of CF x (x ¼ 1{3) fluorocarbon radicals was measured by appearance mass spectrometry (AMS).
6)
The morphology of fluorocarbon polymers deposited on the wafer was measured by atomic force microscopy (AFM). Chemical bonding features were also analyzed by Fourier transform infrared (FT-IR) spectroscopy. A 2-mm-thick SiO 2 Table I . Molecular structure, global warming potential (GWP 100 ) and atmospheric lifetime for octafluorocyclopropane(c-C 4 F 8 ), hexafluoropropene (C 3 F 6 ), hexafluorobutadiene (C 4 F 6 ), octafluoro-2-butene (C 4 F 8 ) and octafluoropentadiene (C 5 F 8 ).
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Results and Discussion

Plasma diagnostics
The electron density and temperature of the c-C 4 F 8 , C 3 F 6 , C 4 F 8 , C 4 F 6 and C 5 F 8 plasmas are compared in Fig. 2 . The electron temperatures of C 4 F 6 and C 5 F 8 are slightly higher than those of C 3 F 6 , C 4 F 8 and c-C 4 F 8 while the electron densities of C 4 F 6 and C 5 F 8 are almost the same as those of C 3 F 6 and c-C 4 F 8 . In addition, the electron density of C 4 F 8 is the highest in these plasmas. The amount of positive ion components in each plasma is shown in Fig. 3 . A CF þ ion with low etching ability is the main ionic species and a CF þ 2 is a minor species in every plasma. It is suggested for C 3 F 6 and C 4 F 8 that a lot of CF þ 3 ions with high etching ability are efficiently produced from the CF 3 CF fragment generated by the break of the double bond. This is consistent with the fact that the fraction of the CF þ 3 ion in the C 5 F 8 plasma is higher than in the C 4 F 6 plasma. A large amount of F þ ions in the C 4 F 6 and C 5 F 8 plasmas are attributed to high electron temperature, as shown in Fig. 2 . Fluorocarbon plasma with high electron temperature in general tends to contain highdensity F þ ions and F radicals. Since the CF þ 2 /CF þ ratio is about 0.2 and is nearly equal for these plasmas, the CF þ 3 / CF þ ratio can be utilized as an index of etching efficiency.
The CF þ 3 /CF þ ratio in each plasma is in the following order: Figure 4 shows the total CF x (x ¼ 1{3) radical densities of these plasmas. The total densities of CF x (x ¼ 1{3) radicals are highest in the c-C 4 F 8 plasma and lowest in the C 4 F 6 plasma. The density of the CF 3 radical is the highest of all these plasmas and that of the CF radical is the lowest. Figure 5 shows the average roughness Ra measured by AFM and the deposition rate r depo of the fluorocarbon polymer films deposited on a Si substrate with each plasma without RF bias power. The observations in Fig. 5 show that the larger molecule of parent gas results in a higher deposition rate and a rougher surface of the polymer, except for C 4 F 8 . This implies that the polymeric radicals are the origins of surface roughness. Figure 6 shows the FT-IR spectra of the fluorocarbon polymer films deposited for 1.5 min on Si substrates in each plasma without RF bias power. Absorbance is normalized by the fluorocarbonpolymer film thickness measured by scanning electron microscopy (SEM). The absorbances for the C 3 F 6 , C 4 F 8 and c-C 4 F 8 plasmas are higher than those for the C 5 F 8 and C 4 F 6 plasmas, which indicates that C 3 F 6 , C 4 F 8 and c-C 4 F 8 plasmas deposit higher-density fluorocarbon-polymer films. This fact is consistent with the results in Fig. 5 . A rough surface generally indicates a porous structure. It is also noteworthy that both C 4 F 8 and C 3 F 6 with the CF 3 CF fragment deposit high-density fluorocarbon polymers.
The results obtained by a series of plasma diagnostics of these candidates (C 3 F 6 , C 4 F 6 , C 4 F 8 , C 5 F 8 ) and the conventional etching gas (c-C 4 F 8 ) are summarized in Fig. 7 . Figure 8 shows the dissociation and etching model of these fluorocarbon gases in the plasma. The total CF x (x ¼ 1{3) radical density of the c-C 4 F 8 plasma is the highest, however the c-C 4 F 8 plasma deposits a lower-density fluorocarbonpolymer film than the C 4 F 8 and C 3 F 6 plasmas do. The fluorocarbon polymer surface of the c-C 4 F 8 plasma was rougher than those for the C 4 F 8 and C 3 F 6 plasma as shown in Fig. 5 . These facts indicate that polymeric radicals such as a C x F y (x = 3, y = 5) deposit the rough and porous films of fluorocarbon polymers in the c-C 4 F 8 plasma while a large number of CF 2 CF 2 radicals rearranged from a CF 3 CF fragment in the C 4 F 8 and C 3 F 6 plasmas deposit high-density fluorocarbon polymers in a similar manner to the CF 2 radical, as illustrated in Fig. 8 . The C 4 F 6 plasma had the lowest CF x (x ¼ 1{3) radical densities, and its fluorocarbonpolymer density was the lowest. The deposition rate of fluorocarbon polymers for the C 5 F 8 plasma is the highest, and the surface is the roughest. Hence, it is probable that more polymeric radical species other than CF x (x ¼ 1{3) radicals are the main precursor for these two plasmas. We speculate that the polymeric radicals are the large fragment ones which has another double bond stabilized by the break of one of the double bonds as illustrated in Fig. 8 . Etching efficiency was also explained as illustrated in Fig. 8 based on the plasma diagnostics. The relative etching efficiency defined as the CF þ 3 /CF þ ratio is in the order C 3 F 6 > C 4 F 8 > c-C 4 F 8 > C 5 F 8 > C 4 F 6 , as described before. The C 4 F 8 plasma has the highest etching efficiency because of its high ion density due to a high electron density. In the C 3 F 6 and C 4 F 8 plasmas, CF þ 3 ions impinge on the high-density fluorocarbon-polymer film. On the other hand, in the C 4 F 6 and C 5 F 8 plasmas, CF þ ions with low etching ability bombard the porous and low-density films of fluorocarbon polymers. Figure 9 shows the SiO 2 etch rate and selectivity for the etch plasmas. The SiO 2 etch rates for the C 3 F 6 , C 4 F 8 and c-C 4 F 8 plasmas are slightly higher than those for the C 4 F 6 and C 5 F 8 plasmas. The selectivity against resist or Si is smaller in the C 3 F 6 , C 4 F 8 and c-C 4 F 8 plasmas than in the C 4 F 6 and C 5 F 8 plasmas. Figure 10 shows the microloading effect of SiO 2 contact holes in these plasmas. The etch rates of the contact holes are normalized by that of a 4.5-mm-diameter hole. In the case of C 4 F 6 plasma, the normalized etch rate for a 180 nm hole is about 0.8 and the microloading effect is not so severe. The normalized etch rate for the holes ranging from 500 nm to 2.5 mm is larger than 1.0 except for the C 4 F 6 plasma. This is a reverse tendency of the ordinary microloading effect. As shown in Fig. 11 , the etched holes have tapered shape except for in the case of the C 4 F 6 plasma. The tapered shape gives rise to an ion-focusing effect at the bottom. This ion-focusing effect and high-density fluorocarbon polymers are the origins of the reverse-microloading effect in the plasmas except C 4 F 6 . As shown in Fig. 11 , in the case of the c-C 4 F 8 and C 3 F 6 plasmas, the widening at the top and narrowing at the bottom of the contact holes are significant. This is explained by the widening of the resist in the shape of a facet because of the low etch selectivity for resist of SiO 2 . The nearly vertical etching profile is obtained with the C 4 F 6 plasma. In this case, the SiO 2 etch rate is 507 nm/min and the selectivity against resist and Si are 2.1 and 6.1, respectively. The diameter and depth of the hole, Fig. 8 . The image of dissociation and etching in the unsaturated fluorocarbon gas plasmas. CF þ 3 ions with high etching ability impinge on the high-density film of fluorocarbon polymers in the C 3 F 6 and C 4 F 8 plasmas. On the other hand, CF þ ions with low etching ability bombard the porous and low-density films of fluorocarbon polymer in the C 4 F 6 and C 5 F 8 plasmas. Etch reaction products such as CO 2 , COF 2 and SiF 4 are released from the Si x O y F z reactive layer. shown in Fig. 11(d) for C 4 F 6 , are 200 nm and 1.32 mm, respectively. The fluorocarbon polymer film deposited in the C 4 F 6 plasma has a rough surface and the lowest density as described previously. Hence, it seems that etch reaction products are released easily and the SiO 2 etch rate is consequently in an acceptable range. The good etch profile is due to the appropriate balance between the high-density CF þ ions with a low etching efficiency and the low-density fluorocarbon polymers. In the C 5 F 8 plasma, the etch profile exhibits a slight side etching since the ions reflected at the tapered resist are more than in the C 4 F 6 plasma. The microloading effect is also higher than in the C 4 F 6 plasma because the CF x (x ¼ 1{3) radical densities and the film density of fluorocarbon polymers in the C 5 F 8 plasma are higher than in the C 4 F 6 plasma. In the C 4 F 8 plasma, the etch profile is not shrunk at the bottom of the contact holes. This can be attributed to the higher electron density and the lower ion-focusing effect of the C 4 F 8 plasma than those of the c-C 4 F 8 and C 3 F 6 plasmas.
Etch properties
Fine contact hole
The Ar gas dilutes the fluorocarbon gas and the O 2 gas decomposes the polymeric radical to depress excess deposition. These gases generally prevent etch stop. The contact holes of about 100 nm in diameter, which are smaller than the mask resist patterns, are obtained in the C 4 F 6 , C 5 F 8 or a mixture plasma with Ar or O 2 . The hole-size reduction was realized by the local deposition of fluorocarbon polymer around the resist opening by increasing the pressure of the etching atmosphere from 3 mTorr to 4-7 mTorr. Figure 12 shows the SEM crosssection of the fine contact holes etched with C 4 F 6 , C 4 F 6 /O 2 (10%), C 4 F 6 /Ar (25%) and C 5 F 8 /Ar (50%) plasmas. Figure 13 shows the positive ion content in the C 4 F 6 , C 4 F 6 /O 2 (10%) and C 4 F 6 /Ar (25%) plasmas. The CF þ is the dominant etching species and the others are less significant in these plasmas. Figure 14 shows CF x (x ¼ 1{3) radical densities in the C 4 F 6 /O 2 (10%) and C 4 F 6 /Ar (25%) plasmas. Certain radicals do not contribute to etching the fine contact hole in both plasmas. It is possible that both the polymeric radicals except CF x (x ¼ 1{3) and the CF þ ion play an important role in etching the fine holes in the C 4 F 6 , C 4 F 6 /O 2 (10%) and C 4 F 6 /Ar (25%) plasmas. 
Conclusion
The straight-chain unsaturated fluorocarbon compounds were compared with the conventional c-C 4 F 8 gas to evaluate them as PFC alternative candidates for dry-etch gases. The result of the plasma diagnostics and the SiO 2 etch properties have shown that the C 4 F 6 and C 5 F 8 gas can be used as the PFC alternatives, which can realize acceptable etch profiles for contact holes. A fine hole of approximately 0.1 mm in diameter can be formed in the C 4 F 6 , C 5 F 8 and the mixture gas plasma with Ar or O 2 . These results are obtained as a consequence of the good balance between the low-density film of fluorocarbon polymers and the many CF þ ions with low etching efficiency. The straight-chain C 4 F 8 can also be a promising dry-etch gas if etch conditions such as bias voltage are optimized. Fig. 14. CF x (x ¼ 1{3) radical densities in the C 4 F 6 /O 2 (10%) and C 4 F 6 / Ar (25%) plasmas.
